Heparin-binding growth-associated molecule (HB-GAM) is an extracellular matrix-associated protein implicated in the development and plasticity of neuronal connections of brain. Binding to cell surface heparan sulfate is indispensable for the biological activity of HB-GAM. In the present paper we have studied the structure of recombinant HB-GAM using heteronuclear NMR. These studies show that HB-GAM contains two ␤-sheet domains connected by a flexible linker. Both of these domains contain three antiparallel ␤-strands. In addition to this domain structure, HB-GAM contains the Nand C-terminal lysine-rich sequences that lack a detectable structure and appear to form random coils. Studies using CD and NMR spectroscopy suggest that HB-GAM undergoes a conformational change upon binding to heparin, and that the binding occurs primarily to the ␤-sheet domains of the protein. Search of sequence data bases shows that the ␤-sheet domains of HB-GAM are homologous to the thrombospondin type I repeat (TSR). Sequence comparisions show that the ␤-sheet structures found previously in midkine, a protein homologous with HB-GAM, also correspond to the TSR motif. We suggest that the TSR sequence motif found in various extracellular proteins defines a ␤-sheet structure similar to that found in HB-GAM and midkine. In addition to the apparent structural similarity, a similarity in biological functions is suggested by the occurrence of the TSR sequence motif in a wide variety of proteins that mediate cell-to-extracellular matrix and cell-to-cell interactions, in which the TSR domain mediates specific cell surface binding.
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(p18) was originally isolated from rat brain as an 18-kDa neurite outgrowth-promoting protein, the expression of which in brain tissue peaks during the perinatal stage of rapid axon growth and synapse formation (1) . HB-GAM is highly homologous with the midkine (MK) sequence (2) (3) (4) , and these proteins thus form a two-member family of small extracellular proteins that are conserved in vertebrates.
In developing tissues HB-GAM associates with extracellular matrix of axonal tracts and of synapses (5, 6) . It is also clearly expressed in developing basement membranes outside of brain (7) and in the cartilage matrix (8) . N-syndecan (syndecan-3) acts as a receptor of HB-GAM in brain neurons in vitro (9) and localizes in many anatomical areas to the same developing fiber tracts as HB-GAM (10, 11) . The heparan sulfate structure of brain N-syndecan is exceptionally heparin-like, especially in its high content of 2-0-sulfo-iduronic acid residues, which is of importance in the HB-GAM binding carbohydrate epitope, the minimal size of which appears to be 10 monosaccharide residues (12) . The neurite outgrowth-promoting effect, based on HB-GAM/N-syndecan interaction, was very recently shown to be mediated by the cortactin/src-kinase signaling pathway to the cytoskeleton of neurites (13) . These findings have led to the concept that N-syndecan mediates HB-GAM-induced neurite growth (for review, see Ref. 14) . Furthermore, very recent studies have revealed a role for HB-GAM and N-syndecan in the regulation of hippocampal long-term potentiation (15) , a form of brain plasticity implicated in memory and learning.
HB-GAM consists of 136 amino acid residues. It contains an abundance (24%) of cationic, mainly lysine, residues and 5 intrachain disulfide bonds (2, 16) . The HB-GAM sequence is highly conserved across different species: Ͼ90% identity is observed among the sequences of chicken, rat, bovine, and human (2, 17, 18) . The same sequence as that of HB-GAM was found for the mitogenic and neurite outgrowth-promoting protein designated pleiotrophin (18) . The designations osteoblastspecific factor-1 (19) , heparin binding neurotrophic factor (20) and heparin affin regulatory peptide (21) also refer to the protein having the same sequence as HB-GAM.
To gain further insight into the function of HB-GAM, we have undertaken the study of the structure of this protein and its interaction with heparin by means of heteronuclear NMR. These studies show that HB-GAM contains two ␤-sheet domains that bind heparin. A search of data bases using the sequences of the ␤-sheet domains and of the full-length HB-GAM shows that the ␤-sheet domains are homologous to the thrombospondin type I repeat (TSR) motif that mediates cell surface binding in a number of extracellular matrix and cell surface proteins.
EXPERIMENTAL PROCEDURES
Protein Sample Preparation and Characterization-The baculovirusderived HB-GAM was used for 1 H NMR and has been previously shown to be biologically active and identical to the tissue protein (16) . To label HB-GAM with 15 N and 13 C, we used the glutathione S-transferase fusion system J (Amersham Pharmacia Biotech) in Escherichia coli (strain BL21(DE3)). The HB-GAM samples were obtained after thrombin cleavage of glutathione S-transferase fusion protein. The HB-GAM samples were purified with heparin affinity, glutathione-Sepharose, and ion exchange chromatography. The HB-GAM used in this study contains a Gly-Ser N-domain extension (numbered as -2, -1, respectively). The E. coli and baculovirus derived proteins were shown to be essentially identical by matrix-assisted laser desorption and ionizationtime of flight mass spectroscopy and 1 H NMR (two-dimensional NOESY and TOCSY) spectroscopy. Furthermore, the protein samples were characterized with peptide mapping to ensure that the disulfide bonds were correct in the E. coli-derived protein. In this analysis, the protein samples were digested with a proteinase (endoproteinase Lys C or trypsin), and the digested sample was divided into three identical fractions. The first fraction was analyzed with matrix-assisted laser desorption and ionization-time of flight directly; the second one was alkylated and subjected to matrix-assisted laser desorption and ionization-time of flight; and the third was reduced with dithiothreitol, alkylated, and analyzed with matrix-assisted laser desorption and ionization-time of flight mass spectroscopy. Expression of Individual HB-GAM Domains in E. coli-Oligonucleotide primers were used to amplify individual ␤-sheet domains of HB-GAM. The primers for the N-terminal domain (amino acids 45-90) were 5Ј-AAGGATCCGACTGTGGAGAATGGCAA-3Ј and 5ЈTGGAATTCCTA-GTTGCAAGGGATCTTACATCT-3Ј. For the C-terminal domain (amino acids 97-142) primers 5Ј-AGGGATCCGCTGAGTGCAAATACCAG-3Ј and 5Ј-TTGAATTCCTAGCCACAGGGCTTGGAGAT-3Ј were used. The domain boundaries were determined using the HB-GAM secondary structure NMR coordination map. The PCR products were cloned into the BamHI-EcoRI cloning site of pGEX-2T and sequenced. Production of the separate domains was performed in E. coli strain BL21. The glutathione S-transferase fusion proteins were harvested from bacterial lysates by glutathione-Sepharose and eluted by thrombin cleavage.
Heparin Affinity Chromatography of HB-GAM Domains-The isolated recombinant domains were subjected to heparin affinity chromatography. A linear NaCl gradient from 0 to 2 M in 20 mM sodim phosphate buffer, pH 7.5, was used to compare the elution profiles of separate domains with that of intact HB-GAM produced similarly in E. coli.
Preparation of Heparin Tetradecasaccharide-Porcine intestinal mucosal heparin (M r 14,000) was obtained from Celsus Laboratories (Cincinnati, OH). The heparin (10 g) was digested to 30% completion using heparin lyase I as reported previously (22) and fractioned by Sephadex G50 gel filtration chromatography into sized oligosaccharides. A single tetradecasaccharide (14-mer) was purified from the mixture using strong-anion exchange chromatography, and its purity was assessed as Ͼ90% by gradient polyacrylamide gel electrophoresis (23) and capillary electrophoresis (22) . One-dimensional 1 H NMR and two-dimensional COSY NMR were used to examine the structure of this tetradecasaccharide (22) . CD Measurements-The binding of heparin (M r 8000; Sigma) to HB-GAM was followed with circular dichroism (CD). The heparin stock solution was prepared to a 1 mM concentration at pH 6.0. A quartz cuvette with a 0.1-mm optical path was filled with 0.2 mM HB-GAM solution to 200 l, and the CD spectra were recorded from 250 to 190 nm with a Jasco-720 spectropolarometer.
Sequence Homology Searches-The Gapped-BLAST and the positionspecific-iterated BLAST programs (27) were used for searching homologous sequences from the nonredundant protein sequence data base of the National Center for Biotechnology Information. Multiple alignment was constructed using the ClustalX program (28) .
RESULTS AND DISCUSSION

NMR Assignments and Domain Structure of HB-GAM-Re-
combinant HB-GAM purified from the culture medium of Sf9 cells was used to record NMR spectra at 500 and 600 Mhz, because this protein has been previously shown to correspond in its biochemical and cell biological properties to tissue-derived HB-GAM (16) . For 15 N and 13 C labeling, expression systems in bacteria and yeast were explored. Of several expression systems tested, the glutathione S-transferase gene fusion system in E. coli was found to produce reasonable amounts of HB-GAM that could be purified to apparent homogeneity, as described previously for the baculovirus-derived protein from Sf9 cells (16) . NMR spectra and peptide maps (see "Experimental Procedures") recorded from the bacterial recombinant were essentially identical compared with those using the baculovirus-derived protein produced in Sf9 cells, indicating native conformation for the protein produced in E. coli. Furthermore, dose-response curves of neurite outgrowth in brain neurons were essentially identical (data not shown) compared with the baculovirus-derived protein studied previously (16) . We therefore used the recombinant HB-GAM produced in E. coli for further NMR studies.
The 750-MHz 1 H-15 N-HSQC spectrum of HB-GAM is shown in Fig. 1 . A nearly complete backbone assignment was obtained for the structural parts of HB-GAM using triple resonance methods (24, 25, 29, 30) . Thus, amide 15 N frequencies were obtained from a high-resolution 750-MHz 1 H-15 N-HSQC spectrum, followed by the collection of corresponding intra-and inter-residual C␣/C␤ connectivities from 500-MHz HNCACB and CBCA(CO)NH spectra. This information allowed in most cases the unique matching of the amino acid residues. The carbonyl shifts were obtained from HNCO. Side-chain proton and carbon chemical shifts were assigned using a combination of three spectra. Partial proton and carbon side-chain assignments obtained from 15 (Fig. 2, obtained from 15 N-and 13 Cedited NOESY at 750 MHz) of HB-GAM in between the ␤-strands reveals a two-domain structure, similar to that suggested for MK (33) . Sequential NOE data are presented in Fig.  3 . Both domains consist of three antiparallel ␤-sheet structures. Heteronuclear-edited NOE data and dipolar coupling data recorded from a partially oriented HB-GAM in a liquid crystalline medium with pf1 phages (34) suggest that the two domains are relatively independent and free to move with respect to each other in solution (data not shown). The linker region between the ␤-sheet domains of HB-GAM thus appears flexible, jeopardizing attempts to get a high-resolution struc- N-HSQC NMR. The spectrum of free HB-GAM is shown in blue, and the spectrum of the titration end point is shown in red (ratio of HB-GAM/heparin, 1:2). The intense correlations from the flexible, lysine-rich, N-and C-terminal tails in the middle area of the spectra do not change their positions and retain the intense, narrow correlations also in the complex form. The correlations originating from the ␤-sheet domain areas of HB-GAM have broadened below detection, indicating that both domains take part in the complex formation.
ture of the whole molecule under standard NMR conditions.
The N-terminal (amino acids 1-14) and C-terminal (amino acids 111-136) areas of HB-GAM are highly flexible, as indicated by the long T2 15 N relaxation rates and by the heteronuclear NOE intensities presented in Fig. 4 . For some parts of the flexible N and C termini it was not possible to obtain individual assignments because of strong overlap in 1 H, 15 N, and 13 C frequencies (Fig. 1) . Also, the linker (amino acids 59 -66) shows some flexibility, as indicated by slightly longer 15 N T2 and smaller NOE values.
Heparin Induces Structural Changes in HB-GAM by Binding to the ␤-Sheet Domains of the Protein-HB-GAM was initially
isolated from crude extracts of brain by heparin affinity chromatography and shown to be displaced from heparin at 1 M NaCl in salt gradient elution, suggesting a strong binding (1) . We have previously shown by microtitration calorimetry that the stoichiometry of HB-GAM/heparin interaction is 3 mol of HB-GAM/mol of heparin with a dissociation constant of 460 nM in solution (35) . Binding of HB-GAM to heparin was also evident from CD spectroscopy of heparin, HB-GAM, or HB-GAM plus heparin in solution (Fig. 5) . Furthermore, CD spectroscopy suggests that HB-GAM undergoes structural changes upon binding to heparin (Fig. 5) .
Because the binding of HB-GAM to heparin is relatively tight, and a high molecular weight complex is simultaneously formed, we were not able to follow the movements of correlations in the 1 H-15 N-HSQC spectrum of HB-GAM during titration with the heparin-derived 14-mer. The 500-MHz 1 H-15 N-HSQC spectrum of the end point of the titration (at the HB-GAM/heparin molar ratio of 1:2) overlaid with the corresponding spectrum of HB-GAM alone is shown in Fig. 6 . The comparison of the 1 H- 15 N-HSQC spectra of HB-GAM with the HB-GAM⅐heparin complex reveals that the lysine-rich Nand C-terminal tails (although not fully assigned) are not involved in the heparin binding and remain unstructured (Fig. 6 ) also in the complex form. The signals from the fexible N-and C-terminal tails remain intense and narrow also in the complex form, despite the excess of heparin used and the high molecular weight of the complex. In contrast, the correlations from the ␤-sheet domains of HB-GAM have broadened significantly, most of them below the detection limit in the complex form (Fig. 6) . Thus, although the lysine-rich tails are highly charged, they do not contribute to binding of HB-GAM to heparin, but the binding depends on the ␤-sheet domains. Based on NMR spectra, both of the ␤-sheet domains of HB-GAM bind to heparin in solution (Fig. 6) . Furthermore, the two ␤-sheet domains of HB-GAM were expressed as separate recombinant proteins in E. coli and were shown to elute at a 0.6 M NaCl concentration in heparin affinity chromatography with salt gradient elution (Fig. 7) . Both ␤-sheet domains of HB-GAM thus display a strong binding to heparin without the polylysine type tails.
Reduction of the disulfide bonds of HB-GAM dramatically reduced heparin binding, in agreement with the NMR results suggesting that native HB-GAM structure is essential for the binding. Thus, whereas the native HB-GAM was displaced from heparin by 1 M NaCl when analyzed by salt gradient elution (1), the reduced HB-GAM only displayed weak binding and was eluted at low salt (ϳ0.2 M NaCl). As expected, NMR and CD spectroscopy (Fig. 5) suggest that the ␤-sheet structures of HB-GAM are partially destroyed by reduction of the intrachain disulfide bonds.
The ␤-Sheet Domains of HB-GAM Are Homologous with the TSR Motif-The National Center for Biotechnology Information nonredundant sequence data base was searched with the mature HB-GAM protein sequence using the Gapped-BLAST program (27) . The HB-GAM sequence was found to align with 
FIG. 7.
Heparin affinity chromatography of intact HB-GAM and separate ␤-sheet domains. A heparinSepharose HiTrap 1-ml column (Amersham Pharmacia Biotech) was equilibrated to 20 mM phosphate buffer, pH 7.5. A gradient elution program was used to compare the elution profiles of intact HB-GAM (red), N-terminal ␤-sheet domain (blue), and C-terminal ␤-sheet domain (green). The NaCl gradient for each run was monitored as conductivity (magenta). The intact HB-GAM and its ␤-sheet domains elute at 1.2 and 0.6 M NaCl, respectively. the TSR repeats in the F-spondin sequence (E value ϭ 0.043). A search using the position-specific-iterated BLAST program (27) gave statistically significant matches with F-spondin and several other proteins that contain TSR domains (Fig. 8) . Both ␤-sheet domains of HB-GAM aligned with with the TSR motif (Fig. 8) . The lysine-rich unstructured tails of HB-GAM were not in the alignment.
We then made a position-specific-iterated BLAST query using only the N-or C-terminal ␤-sheet sequences, and the first matches for both domains after the HB-GAM and MK sequences were the TSR domain sequences (Fig. 8) . Search with the MK sequence also gave matches with F-spondin and other proteins having TSR motifs. HB-GAM and MK are thus composed of short N-and C-terminal tails and two TSR domains that are connected with a short linker (Fig. 9) .
The main conserved features in the TSR sequences are the cysteines, closely spaced tryptophans, and a cluster of basic residues (Fig. 8) . The arrangement of intradomain cysteine bridges in HB-GAM (Fig. 2 ) and in MK (33) is consistent with that predicted for the TSR motif ( Fig. 8 and Ref. 36 ). Tryptohans are conserved in the HB-GAM and MK N-terminal domains where their spacing is, however, reduced by 1 amino acid. In the C-terminal domains another tryptophan is replaced by phenylalanine.
Our finding that the ␤-sheet domains of HB-GAM mediate heparin binding agrees with the view that these domains correspond to the TSR sequence motifs, because several TSR repeats have been shown to bind heparin and heparan sulfate. Peptides from thrombospondin TSR bind heparin and inhibit heparin-dependent interaction of cells with thrombospondin and laminin (37, 38) . The TSR domains of the malaria proteins CS (39) and TRAP (40) bind to cell surface proteoglycans, an important event in the infection (41, 42) . Metalloproteinase ADAMTS-1 uses TSR domains to bind to extracellular matrix heparan sulfates (43) .
The conserved tryptophans (Fig. 8) form a heparin binding motif in thrombospondin TSR domains (37) . It has been shown that peptides containing a WSXW sequence strongly inhibit heparin binding to thrombospondin (37, 38) . Interestingly, reducing the spacing of tryptophan residues did not significantly reduce the inhibitory activity of the peptides (38) . A cluster of basic residues downstream of tryptophans has also been shown to contribute to heparin binding in the TSR domain of the malaria CS protein (39) . For the midkine C-terminal domain, it has been suggested that the conserved tryptophan in the first ␤-strand and downstream basic amino acids in the second ␤-strand are involved in formation of a heparin binding surface (33) . The conserved basic residues in the TSR domains are separated by 1 or 3 residues so that on the ␤-sheet their side chains are on the same side of the structure and thus could participate in forming a heparin binding site (Fig. 8) . In an antiparallel ␤-sheet arrangement, similar to one seen in MK and HB-GAM, they would also be close to the conserved tryptophans. It appears that the TSR domains of different proteins share structural features explaining their heparin binding, but further charactization of the mode of binding is warranted.
Concluding Remarks-The present results show that HB-GAM contains two ␤-sheet domains, the sequences of which correspond to the TSR motif. Furthermore, our sequence analyses show that the ␤-sheet domains found recently in the homologous MK protein (33) also correspond to the TSR motif. The amino acid sequences of these four postulated TSR domains found in HB-GAM and MK are quite variable but retain the conserved cysteine/tryptophan motif. The finding that these four polypeptide sequences fold to a clearly similar structure composed of three antiparallel ␤-strands suggests a general rule for the TSR sequence motif. We are currently producing TSR domains from other proteins to study this hypothesis, because structures of other TSR domains, except for HB-GAM and MK, are not yet known.
Structural data of the TSR domains of HB-GAM and MK also make molecular modeling of other TSR domains a worthy goal. It is noteworthy that many TSR domains are involved in interesting biological interactions (see below), some of which also possess potential for therapeutic applications. This underscores the importance of detailed structural data and molecular modeling studies based on resolved structures.
TSR proteins have functions in specific cell surface interactions. Malaria parasites bind to the surface of hepatocytes and penetrate very rapidly and specifically using their surface proteins CS (44) and TRAP (45) . Recent studies suggest that different species of malaria invariably express cell surface proteins having a TSR domain (41) . The TSR domain of the malaria sporozoites is used for gliding motility of the parasites, a FIG. 9 . Domain structures of selected proteins that contain TSR sequence motifs. The sequences were retrieved in a position-specificiterated BLAST search using the HB-GAM sequence. prerequisite for infection and a potential target for drug development (41) .
It is of interest that several proteins that interact with the neuron surface and are involved in neurite growth and guidance possess TSR domains (Fig. 9) . In fact, HB-GAM was initially isolated (1) and cloned (2) as a heparin-binding protein that enhances neurite growth. Other TSR proteins that are implicated in neurite growth and/or guidance include MK (46), UNC5 (36), F-spondin (47) , and semaphorins F and G (48) . Binding to heparin-type carbohydrates is known to be of importance for the neurite growth and guidance effects of HB-GAM, MK, and F-spondin. Based on the sequence similarities and probable structural similarities, we predict that heparintype glycans are also important for biological roles of other TSR proteins, such as semaphorins F and G. Furthermore, thrombospondins interact with the surface of various cell types enhancing adhesion, spreading, and neurite outgrowth, migration, or proliferation (for review, see Ref. 49) .
Cell surface glycosaminoglycans provide a potential source of a large array of different structures serving as binding partners in specific cell-cell or cell-matrix interactions (50) . However, it is not known to what extent this structural diversity of glycosaminoglycans is used to regulate biological interactions. The occurrence of TSR domains in a large number of various proteins throughout the animal kingdom and their similarity in binding to heparin-type glycans suggest that this domain exploits the structural diversity of heparin epitopes in various biological interactions.
